Photon-enhanced thermionic emission (PETE) converts sunlight to electricity with the combined photonic and thermal excitation of charge carriers in a semiconductor, leading to electron emission over a vacuum gap. Theoretical analyses predict conversion efficiency that can match, or even exceed, the efficiency of traditional solar thermal and photovoltaic converters. Several materials have been examined as candidates for radiation absorbers and electron emitters, with no conclusion yet on the best set of materials to achieve high efficiency. Analyses have shown the complexity of the energy conversion and transport processes, and the significance of several loss mechanisms, requiring careful control of material properties and optimization of the device structure. Here we survey current research on PETE modeling, materials, and device configurations, outline the advances made, and stress the open issues and future research needed. Based on the substantial progress already made in this young topic, and the potential of high conversion efficiency based on theoretical performance limits, continued research in this direction is very promising and may yield a competitive technology for solar electricity generation.
Introduction
Conversion of sunlight to electricity has been the target of vigorous research and development for many decades, based on the realization that solar energy is the most abundant energy resource on Earth, and its use will mitigate the adverse effects that are attributed to fossil fuels. Solar electricity generation is already implemented on a large scale with both photovoltaic and thermal conversion, but the conversion efficiency of leading technologies in both cases is currently less than 20%. A significantly higher conversion efficiency was achieved with two emerging solar technologies. Concentrator photovoltaic systems (CPV) with multi-junction cells offer a peak cell-level efficiency of over 40%, and a system-level efficiency (including optical and other losses) of over 30% [1] . Solar thermal Dish-Stirling concentrator systems have also achieved over 30% system efficiency [2] . However, these two technologies are not in widespread use due to their higher complexity and cost compared to the more mature but less efficient alternatives.
Recently, a third approach has been proposed for highefficiency conversion of sunlight to electricity: photonenhanced thermionic emission (PETE), which is based on the emission of electrons from a hot semiconductor surface, assisted by direct photonic excitation in the semiconductor. A synergy of optical and thermal excitation was first demonstrated experimentally by Smestad [3] , where combined heating and illumination produced higher electrical output than the sum of the separate outputs of heating and illumination only. He proposed that the effect is due to the emission of hot electrons. Schwede et al [4] suggested the PETE mechanism based on thermalized rather than hot electrons, and have experimentally shown that the emitted electrons follow a thermal distribution independent of the energy of the incident photons, confirming that they are thermalized. Schwede et al also presented a model of the PETE process with estimates of high PETE conversion efficiency, e.g. efficiency exceeding 43% for incident solar radiation concentration of ×1000 and cathode temperatures below 1000°C. The conversion efficiency of a PETE device under concentrated solar radiation can therefore exceed, at least theoretically, the efficiency of a single-junction photovoltaic cell under the same concentration. When adding the option of a second stage thermal converter that uses heat removed from the anode, the overall efficiency can reach above 53% and theoretically compete against the best multi-junction cells developed for the CPV industry. Later theoretical models set the upper limit on ideal PETE converter efficiency at a concentration of ×1000 above 50%, and at 70% with the addition of an ideal bottoming converter that utilizes waste heat [5] . If real devices could reach close to these theoretical limits, then the PETE approach may be competitive against the two existing conversion methods. Therefore, this new path to the generation of electricity from sunlight has raised considerable interest, and the first steps are underway towards understanding and implementing PETE converters.
The emission of electrons from a solid surface can be induced by the addition of energy, using either incident radiation (photo-emission), an externally applied voltage (field emission), or externally supplied heat (thermionic emission). Thermionic emission of electrons from heated metals was observed during the second half of the 19th century by several researchers [6] , and was later described quantitatively by Richardson [7] . A brief historical review of thermionic emission research can be found in [8] . A thermionic emitter converts thermal energy to electrical energy, equivalent to a heat engine, but without the need for mechanical moving parts. A basic thermionic converter typically contains an electron emitter (cathode) at high temperature, and an electron collector (anode) at a lower temperature. The gap between the two electrodes is in a vacuum or filled with a gas at low pressure. The cathode emits electrons from its surface, and the anode captures the electrons to create an electrical current. The converter further includes external electrical connections that allow the circuit to be closed through an external load, and two heat sinks to provide heat to the cathode and remove waste heat from the anode.
The current density of electron emission from a metal typically behaves according to the Richardson-Dushman equation [9] :
2 is the Richardson-Dushman constant, λ is a material dependent correction, k is Boltzmann's constant. The current density increases non-linearly with cathode temperature T , C but most cathode materials have high values of the work function f , C and therefore very high temperatures are needed to increase the exponential term and generate a significant current. Thermionic converters typically require cathode temperatures over 1000°C, and often close to 2000°C. The current of a thermionic converter is the net current after subtraction of the reverse emission of electrons from the anode, but the anode is usually much cooler and its emission current is usually neglected. In order to produce power, the converter must also produce a positive voltage, and this is achieved when the anode work function f A is lower than the cathode work function f C .
The development of thermionic converters was a popular research topic until the 1970s, with theoretical predictions of conversion efficiency above 30% [10] . Significant hopes for practical application were raised after the discovery that introducing low-pressure cesium vapor in the inter-electrode gap improves the performance of a thermionic converter [11] . Many applications were envisioned where the heat source could be the combustion of fuel, concentrated solar radiation, decay of radio-isotopes, or coolant from a nuclear fission reactor. However, the achieved conversion efficiency from heat to electricity was usually around 10% even at very high cathode temperatures [6] . The high expectations were then not realized, and interest in thermionic energy converter technology has since declined.
PETE is a combination of two mechanisms for electron emission-thermal and photonic-working together in synergy [4] . In PETE conversion, the cathode is illuminated by an external source such as concentrated solar radiation, as shown in figure 1(a) . Photons with energy above the cathode material's bandgap are absorbed and generate electron-hole pairs. The optically generated electrons thermalize in the conduction band, increase the conduction band electron population, and raise the conduction band quasi-Fermi level. As a result, the energy barrier for electron emission to the vacuum is reduced, as shown in figure 1(b) , allowing electron emission at temperatures considerably lower than standard thermionic emission ( figure 1(c) ). Excess photon energy above the bandgap is converted to thermal energy by thermalization, and sub-bandgap photons may also contribute to the heating of the cathode, if it contains some means to absorb these photons. Both of these mechanisms keep the cathode at an elevated temperature without the need for an additional heat source. Therefore, PETE conversion involves a combination of both photonic and thermal conversion of the incident radiation.
Another interesting aspect of PETE converters is the ability to keep the anode at a temperature high enough for waste heat utilization, but not so high as to create a significant reverse current. The waste heat removed from the anode can then be used to generate additional electricity in a second stage thermal converter, similar to a combined cycle (CC) in conventional thermal power plants. The overall conversion efficiency from the incident radiation to the output electrical power is then increased by adding this second stage conversion.
These promising ideas have led to a recent revival of interest in electron emission and PETE for solar energy conversion, with considerable theoretical and experimental research activities in many groups around the world. The present review addresses the directions and initial results of these efforts over the last five years.
Models and performance

Simple modeling of converter physics
The simplest analysis of PETE converters is an ideal particle balance, as commonly done for photovoltaic cells [12] . It treats the cathode as a lumped system with averaged properties and no spatial variations, and therefore can be called a zero-dimensional model. The cathode absorbs all the above band gap radiation (optically thick); usually, only radiative recombination is considered (perfect cathode material). The anode is metallic and is perfectly reflective (radiative loss occurs only through the front surface), and space charge in the inter-electrode gap is ignored (this is discussed in section 2.4 below). Under such assumptions, the net current is the difference between the total optical generation G and the nonequilibrium recombination ¢ R [4] :
q is the electron charge, J em and J rev are the emission current densities from the cathode and anode surfaces, respectively. S is the ratio of the area for electron emission to that of radiation absorption, which is 1 for the standard configuration shown in figure 1 (a). The emission current density from the cathode is proportional to the electron concentration n and can be expressed as [4] :
m m is the electron effective mass. The energy barrier for emission from the cathode E BC equals the electron affinity c for device voltage below the 'flat band voltage' (the highest voltage where all emitted electrons can reach the anode):
A where f C and f A are the work function of the cathode and anode. In this range, the electric field in the gap (in the absence of space charge) accelerates the emitted electrons towards the anode, as shown in figure 2(a) . For higher voltage, the vacuum level at the anode is higher than that of the cathode; the direction of the electric field is reversed, and the barrier is f f = + -E qV BC A C as seen in figure 2(b) . The reverse emission current density from the anode follows the standard thermionic emission formulation: T A is the anode temperature. The energy barrier for emission from the anode equals the anode work function f A for voltage above the flat band value, and f = -E qV BA C for lower voltage (figure 2). The PETE converter efficiency can then be evaluated by inserting the appropriate generation and recombination terms into equation (2) along with the current density terms from equations (3) and (4), and scanning the device voltage range to identify the maximum power point
P sun is the flux density of concentrated radiation incident on the PETE converter. The MPP voltage for this simple model is the flat band voltage
MPP C
A / as seen in figure 2(c) [4] . Achieving a high device voltage requires that the Fermi level should be near the bottom of the bandgap, i.e. the cathode should be a p-type semiconductor.
In contrast to metallic cathodes, the electron concentration n in a semiconductor cathode can depend on the device voltage: above the flat band voltage, electrons that are reflected by the higher barrier have sufficient energy to recycle, i.e. return to the cathode conduction band. These recycled electrons increase the electron concentration in the cathode, and can re-emit to the vacuum or be recombined, similar to any other electron already present in the conduction band [13] . It is not known what fraction of these reflected electrons actually enters the conduction band, versus the fraction that may undergo immediate recombination at the surface and have no effect on the state of the cathode. The significant impact of surface recombination at the emitting surface was shown both theoretically [14, 15] and experimentally [16] , so the interaction of electron recycling with surface recombination should be considered. However, these investigations referred to the recombination of electrons already present in the cathode's conduction band, and do not provide the much needed insight about the fate of the reflected electrons. Analyses that assume perfect electron recycling (all reflected electrons enter the conduction band) [13] , show a distinct difference in the behavior of the current above the flat band voltage, compared to analyses that assume no electron recycling (recombination of all reflected electrons at the surface), as seen in figure 2(c) . This leads to a change of the MPP to higher voltage, and to the prediction of higher output power and higher efficiency.
The cathode temperature is determined by a complete energy balance on the cathode, including absorption of incident radiation, electron transport to the anode, and radiative and conductive loss to the environment [17, 18] . Ideally, conduction loss is zero and this leads to the maximum attainable cathode temperature. An ideal cathode in principle may absorb only supra-bandgap radiation, but it has been proposed that adding an element in the cathode that also absorbs sub-bandgap radiation can increase its temperature and contribute to higher electron emission [4] . However, this will also increase the loss by the emission of blackbody radiation, so this element needs to be carefully optimized.
The waste heat to be removed from the anode of the PETE converter is the thermalization energy of electrons entering the anode, ( )
em rev BA An ideal second stage will convert this heat to electricity at the Carnot efficiency corresponding to the anode temperature, adding to the total conversion efficiency of a PETE converter operating as a CC.
Elaborated models
Elaborated models of a PETE converter account for the spatial distribution of the cathode properties, the charge carrier concentrations and the electric potential, and allow internal structures such as junctions. Several levels of complexity are possible in formulating an elaborate model. A simple model used a one-dimensional diffusion equation to describe the transport of excess electrons in a p-type cathode [15, 14] :
D n is the electrons diffusion coefficient, t is the electron lifetime. This assumes that photo-generated electrons are fully thermalized, and that low injection and charge neutrality are maintained, so that the electric field in the cathode is negligible. Under these conditions the transport of electrons is dominated by diffusion and uncoupled from the transport of holes. This approximation is valid in a p-type cathode as long as the higher concentration of majority carriers (holes) is able to neutralize any charge imbalances that could produce a significant field. In high injection conditions, this may not hold because the concentration of minority carriers is not negligible compared to majority carriers, and a more general treatment is needed as discussed below. Another exception is an intrinsic rather than a p-doped absorber [19] , where a version of the diffusion model was used with two separate equations for the transport of electrons and holes. The generation profile can be represented according to two-pass absorption of collimated radiation [14] :
F is the spectral flux of incident radiation, α is the absorption coefficient (a = 0 for photon energy below the material's bandgap), r F and r B are the reflection coefficients of the front and back surfaces (single-pass generation is obtained when r = 0 B [15] ), and t is the cathode thickness. More sophisticated optical models are needed to represent the directional spread of incident radiation due to concentration, and the effect of surface structures that reduce reflection [20] . The electron lifetime that represents all forms of recombination is related to the electron diffusion coefficient D n and the electron diffusion length L :
n n n 2 and it is usually taken as a constant [15] . The constant lifetime assumption simplifies the analysis, and is a good approximation under low injection. Under high injection conditions and over a wide range of temperatures this is not a valid approximation [21] , and each recombination mechanism should be modeled in detail, including explicit dependence on charge carrier concentration and on temperature [22] .
The coordinate x extends from the front face of the cathode (exposed to the incident radiation, ) = x 0 to the emitting surface at the back ( ) = x t , with boundary conditions that represent electron emission and surface recombination [14] :
S n F
, and S n B , are the surface recombination velocities at the front and back surfaces, respectively. The model of equations (6)- (8) can be solved analytically for the electron emission yield [15] , and for the output power and efficiency using either the flat band voltage, or a numerically optimized voltage [14] . These solutions were used to investigate the influence of important parameters including the cathode thickness, surface recombination velocities, and electron affinity at the emitting surface. The electron diffusion model described above provides a fast and flexible tool to investigate many aspects of PETE conversion. However, the simplifying assumptions of this model do not hold in some situations. At a sunlight concentration of 1000 or higher, the low injection approximation may become invalid. Internal junctions and surface treatments in the cathode may induce band bending and a locally high electric field that affects charge carrier transport, as shown for example in [18] . In some cases, an approximate treatment of a junction can be added within the diffusion model [23] to avoid the computational cost of more complex models. A more general model for the PETE cathode that does not need the simplifying assumptions uses the general description of transport in semiconductors. The governing equations include the continuity equations that describe the charge carriers' transport, and Poisson's equation for the potential, as a function of position  x in one or more dimensions [22] :
A D  J n and  J p are the electron and hole current densities, respectively, including the contributions due to drift and diffusion; G and R are the rates of generation and total recombination per unit volume, respectively.  is the permittivity,  n x , ( )  p x , and the quasi-Fermi potentials for holes and electrons [22] . The generation function ( )  G x can follow equation (7), or a more detailed optical model if available. The recombination term ( )  R x is the sum of radiative, Auger and SRH recombination rates and should be calculated for each location using the respective general expressions as found, e.g. in [22] , including the nonlinear dependence on carrier concentration and on temperature. The boundary conditions are analogous to equation (8) , duplicated for both holes and electrons [18] , and applied to the component of charge carrier transport in the direction of the surface normaln :ˆ ⋅ n J n andˆ ⋅ n J p for electrons and holes, respectively. For the potential, it is convenient to apply a zero value at the cathode contact, and a Neumann type boundary condition on the electric field at the electron emission surface, which depends on the applied device voltage [18] . When the cathode structure includes a hetero-junction, the material properties in equations (9)- (11) will have a discontinuity, and internal continuity conditions need to be applied at the junction interface [22] .
The more general model with equations (9)- (11) has been solved for cases where the simplified diffusion equation treatment is insufficient, including a one-dimensional slab geometry with internal junctions [18] and for two-dimensional geometry [24] . It should be noted that in both modeling approaches described above, there is no treatment of photon recycling: photons that are emitted internally due to radiative recombination are considered as lost, even though some of them are reabsorbed in the cathode and generate new electron-hole pairs. Modeling of this effect will add considerable complexity and has not been attempted yet.
The efficiency limits of a PETE converter
The efficiency limit is derived with a simplified model, where only inevitable loss mechanisms are applied, and material properties can have any value regardless of the availability of real materials. This was done in several published analyses using the particle balance zero-dimensional model. First results placed this theoretical efficiency at about 43% at 1000 suns, with an optimal choice of bandgap and electron affinity [4] . Other analyses made some variations regarding the included losses, for example, including heat exchange between the cathode and anode, leading to lower efficiency values, e.g. 0.38 at 1000 suns with the optimal bandgap and affinity [17] .
A detailed study of the PETE converter efficiency limit as a function of the concentration of the incident solar radiation in comparison to ideal PV and thermal conversion was reported in [5] . The cathode temperature was the maximum allowed by the energy balance, and the anode temperature was fixed at 500 K. Figure 3 (a) shows the resulting PETE efficiency versus the efficiencies of an ideal photovoltaic cell calculated according to the Shockley-Queisser (SQ) derivation [12] , and an ideal solar thermal converter comprising a black absorber and an ideal Carnot engine with a cold reservoir temperature of 500 K [25] . At a high concentration and high cathode temperature the PETE efficiency exceeds the ideal photovoltaic cell efficiency, reaching 45% at a concentration of 1000. With the high cathode area ratio = S 20 (see equation (2), higher area for electron emission) the radiative recombination loss is reduced, and the PETE efficiency also exceeds the ideal thermal converter, reaching 52% at a concentration of 1000. It should be stressed that these high efficiencies are obtained when the cathode temperature is at the theoretical maximum, with only blackbody emission loss to the environment, and this temperature is 1300 K or higher at 1000 suns [5] . This is outside the range of operation of most semiconductors, so the performance limit seems out of reach for practical devices.
Figure 3(b) shows the efficiency of a PETE combined cycle, where the second stage is an ideal Carnot engine operating at the anode temperature. The PETE-CC efficiency limit is higher due to the contribution of the second stage, reaching 56% and 63% for the cathode aspect ratio of 1 and 20, respectively. Similar CC configurations were explored for CPV cells, but their performance was lower due to a decline in cell efficiency with temperature [26] . An analysis of a CC with an optimized cathode but a specific non-ideal second stage converter (thermoelectric) predicted a relatively small contribution of the second stage, and overall efficiency of about 46% at a concentration of 1000 [27] , well below the upper limit.
A different approach is to optimize the efficiency of a PETE-CC by minimization of entropy generation [28] . The best efficiency prediction at 1000 suns is 58%, and 60.8% in a CC configuration with an ideal secondary heat engine. However, this solution requires a cathode at 1451 K, a very low bandgap (0.56 eV), and zero chemical potential, i.e. it is essentially a thermionic converter without photonic enhancement. Also, the anode temperature is 328 K, so that the second stage contributes very little. This unusual solution may be a result of not using an IR absorber in the cathode, forcing the bandgap to a low value in order to absorb most of the solar spectrum, and then compensating with a high electron affinity (to obtain useful voltage) and high temperature (to overcome the high affinity). Additional solutions presented in [28] show a bandgap about 1 eV and non-zero chemical potential (indicating photonic enhancement) of 0.28 eV, but they offer efficiency below 45%, even though they require a cathode temperature above 1450 K. Possibly a more practical solution is also shown with a cathode temperature of 573 K, a bandgap of 0.82 eV, and an efficiency of 37.9% (44% with an ideal secondary heat engine), which is impressive for this low temperature. It is interesting to note that these solutions tend to recommend lower optimal bandgaps compared to other analyses (e.g. about 1.4 eV in [4] ). This seems to be due to the allowance of a very low anode work function (0.41 eV), which enables reasonable device voltage with these lower bandgaps. This, however, also forces low anode temperatures to prevent high reverse emission, leading to a low contribution of the secondary stage to the overall efficiency.
The analysis of conversion efficiency reveals what material properties are needed to obtain high efficiency, as a guideline to search for suitable real materials. Most of the results show that the optimal bandgap of the cathode is around 1.4 eV, similar to the optimum for PV cells, a result dictated by the solar spectrum. Observation of figures 2(a) and (b) reveals that in order to obtain a reasonable output voltage, the cathode work function should be significantly higher than that of the anode. So, the anode work function should be low, and the cathode Fermi level should be low, i.e. high p-type doping. The cathode electron affinity should be low to allow high current density; however below a certain value (e.g. c = 0.7 eV for concentration 1000 and
the efficiency is not sensitive to the affinity value [13] . An analysis without electron recycling shows a very different dependence on electron affinity, with an optimal value below which the efficiency declines [4] . The former trend seems to be physically correct, since the barrier that cathode electrons need to overcome is determined by the anode vacuum level (and space charge if present), and a reduction of the cathode electron affinity to very low values should not have an effect.
Tandem, or multi-junction, configurations are well known in photovoltaic conversion, where several sub-cells with different bandgaps produce a better coverage of the solar spectrum. This may also work theoretically for PETE tandem converters, leading to 51.2% theoretical efficiency for a twobandgap device under 1000 suns [5] . The improvement compared to the single-bandgap converter is not dramatic, since PETE already utilizes some of the thermalization energy, and its reduction by spectral splitting is less significant compared to PV cells. Another tandem approach is to join identical sub-cells electrically in series to create a highvoltage, low-current device and reduce Ohmic losses [29] , similar to the vertical multi-junction configuration that has been proposed for PV cells [30] . The converter is isothermal and the driving mechanism is only the photonic excitation of the cathode, leading to efficiency below the SQ limit, as shown in figure 3(c) . A secondary thermal converter collects waste heat from the cathodes as well as from the anodes, leading to a higher contribution by the secondary stage, and combined efficiency exceeding both ideal photovoltaic and ideal thermal converters, reaching 70.4% at a concentration of 1000 [5] .
Negative space charge
Negative space charge (NSC) is a well-known effect in thermionic emission. The electrons emitted from the cathode form a negatively charged electron cloud in the inter-electrode space, as shown in figure 4(a) . This negative space charge may produce an added energy barrier (E B in the figure) that impedes emitted electrons from reaching the anode. The loss inflicted by NSC is high in thermionic converters [31] . The behavior of the space charge can be described with a model that couples the electron transport in the gap to the electron emission current from the cathode. The electrons in the gap can be described as one-dimensional transport of a collisionless gas [9] . The potential distribution in the gap can be obtained following the analysis of Langmuir [32] . Analysis of the NSC effect using this model for PETE converters has shown a sharp decline in efficiency as the gap size increases, similar to thermionic converters. At a sunlight concentration of 1000 and a cathode temperature of 1000 K, the predicted efficiency was about 24%, 19% and 15% for gaps of m 2 m, m 3 m, and m 4 m, respectively [33] . When assuming electron recycling in the cathode, the reflection of electrons by the NSC effect increases the conduction band population and increases the rate of electron emission, mitigating some of the decline in efficiency [34] . It was shown that for a selected test case, full electron recycling can approximately double the efficiency for the presented gap sizes of m 2 m and m 5 m compared to results with no electron recycling, allowing larger gaps to become acceptable. The NSC effect was also investigated as a function of sunlight concentration, as shown in figure 4(b) . For a moderate sunlight concentration of around 100, even a gap of 5 μm can maintain reasonable efficiency, but at higher concentrations approaching 1000, the gap must shrink to 3 μm or less [35] . The cathode is at ideal thermal equilibrium, i.e. the highest temperature allowed by the given concentration. In figure 4(b) , it is also clear that for a converter with a specific gap, there is an optimal solar flux concentration. The technological ability to fabricate a small gap then influences a separate decision on the concentration optics.
Several methods were proposed to reduce the performance loss due to NSC in thermionic and PETE converters. Reducing the gap between the electrodes to a few microns diminishes the amount of electrons present in the gap, and with it the energy barrier and the performance loss, as discussed above. However, the gap should not be too small: below about 1 μm, near field radiation heat transfer between the two electrodes can reduce the converter efficiency [35] . Such small gaps may be produced with microfabrication methods [36] or by insertion of very small spacers [37] . Another approach to reduce the negative space charge loss is to introduce positive charges in the gap, which cancel the effect of the negative charge, for example filling the gap with low pressure cesium vapor [6] . Denser plasma can be formed by optically exciting the cesium, lowering its effective ionization potential and canceling the NSC more effectively [38] . Methane also reduces the negative space charge loss in a similar manner, and introduces molecular charge transport as well [39] . Incorporation of a positively charged grid between the two electrodes to accelerate the emitted electrons can also reduce NSC loss [40] . Using negative electron affinity cathodes is also beneficial, as the emitted electrons leave the cathode with energy higher than the vacuum level at the surface, and have a higher probability of overcoming the NSC energy barrier [41] .
Predicted performance of real PETE converters
Realistic predictions of PETE converter performance employ an elaborated cathode model, with optical and electronic properties of real materials and their variation with temperature, and realistic boundary conditions including surface recombination. The performance then depends on many cathode material properties, including bandgap, absorption coefficient, doping level, diffusion length, lifetime, electron affinity, bulk recombination rates, and on surface recombination velocities, on cathode thickness and on the concentration of incident sunlight and cathode temperature. Studies published so far only partially cover this extensive parameter space.
The effect of surface recombination has been investigated in several cases. The emission yield of a GaAs cathode for moderate temperatures declines significantly when recombination velocity at the back surface (electron emission surface) increases from [15] . At higher temperatures the thermionic emission dominates over the surface recombination, e.g. emission yield approaches 1 at  600 C for surface recombination velocities up to -10 cm s . 5 1
The conversion efficiency for a Si cathode was shown to decline from about 15% at 800 K with zero recombination at the back surface, to about 10% if the back surface recombination velocity is -10 cm s 3 1 [14] . A method to reduce the recombination loss at the back surface is to add a heterojunction that forms a small energy barrier, allowing only energetic electrons to reach the electron emission surface [16] . This was modeled and also demonstrated experimentally on a cesiated GaAs cathode with an internal quantum efficiency (QE) of 1.4% at  120 C, and close to 1 when extrapolated to  600 C, as shown in figure 5(a) .
A study of Si and GaAs cathodes found that recombination at the front surface (surface with incident radiation and electrical contact) also creates a significant loss [18] . Insertion of a p + p homojunction at the front surface below the contact was only partially successful to mitigate the effect of surface recombination due to the decrease in barrier height as the temperature increases. The predicted efficiency for both materials was limited to around 15% at moderate temperatures. A better solution is a hetero-junction at the front surface serving as a window layer. Figure 5(b) shows the predicted efficiency for a GaAs cathode with a AlGaAs window, both as an abrupt junction [42] and with graded composition [23] . Both heterojunctions show a higher efficiency of 32% compared to a simple cathode without a junction at 30%, even when recombination at the window surface is negligible, due to the higher voltage produced by the junctions. For higher recombination at the surface, the simple cathode deteriorates quickly, while the junctions maintains a high efficiency of up to 1 for the graded junction. In addition, the energy barrier of a heterojunction does not degrade with temperature, preventing the decline of efficiency with temperature that was observed with a homojunction [18] .
The behavior of a contact surface is different at high temperatures: the cathode electron concentration falls below equilibrium, similar to conventional thermionic cathodes, and electrons are then injected from the contact rather than recombined. At the highest temperature allowed by the energy balance under 1000 suns, the predicted efficiencies are 31% at 820 K for Si and 32% at 1080 K for GaAs [18] . A cathode able to operate at such temperatures needs no protection against surface recombination at the contact. The operation of PETE converters can then be divided into two distinct regimes with different behavior: the PETE regime at low and moderate temperatures, where photo-generation makes a significant contribution and electron concentration is above equilibrium; and the thermionic regime at high temperatures, where thermal excitation and emission is dominant and electrons concentration is below equilibrium.
Cathode thickness is a crucial parameter for device design. A thin cathode will collect most of the photo-generated charge carriers, leading to high emission internal yield close to 1 if surface recombination velocities are low [15] . However, low absorption of incident radiation will lead to low efficiency, requiring a thick cathode. Therefore, for each set of material properties there is an optimal cathode thickness that provides the best balance of the two effects. Figure 5(c) shows the variation of conversion efficiency with cathode thickness for three materials at 1000 suns and 700 K [21] . For Si the cathode thickness should be around m 7 m and the predicted efficiency is 11%, consistent with previously cited low values. For GaAs and InP the optimal thickness is a few hundred nm, due to the much higher absorption coefficient, and the conversion efficiency is 20% and 23%, respectively. Clearly the efficiency is very sensitive to the selection of cathode thickness, requiring optimization for each set of material properties.
Most models use the expression (3) for the emission current density from the cathode. However, this should be modified with an emission probability, indicating that electrons having sufficient energy to reach the vacuum may still fail to do so. Measurement of the emission probability for a GaAs with CsO coating show that at the best coating coverage ratio (about 0.4 of a monolayer), emission probability is 12% for thermalized electrons, and 24% for hot electrons [43] . The authors suggest that this is due to fundamental effects that are inherent to any emitting surface, such as electron scattering at the semiconductor-vacuum interface, the influence of an interface potential barrier, or a low probability of a conversion of a Bloch electron in the crystal into a free electron in vacuum. The theory leading to equation (3) is then oversimplified, and a more accurate description of the semiconductor-vacuum interface leads to lower values of the current density. Another experiment with an AlGaAs emission layer coated by CsO showed that a similarly defined emission probability is approximately 0.25 [16] . Obviously, this leads to a significant reduction in the conversion efficiency of a real device, compared to predictions based on equation (3). More work is needed to find how the emission probability can be increased.
Validation and improvement of models
In contrast to the wide variety of models and simulation studies, the experimental data available for validation is still scarce. Some results have been presented for saturation current, or quantum yield, of PETE cathodes, but experimental data of power output and conversion efficiency of a complete device is still lacking. A good match of measured versus simulated internal QE is shown in figure 5 (a) for a GaAs cathode with a hetero-structure barrier of height 0.22 eV at the emitting surface [16] . Most experimental results of PETE emission experiments are reported as normalized or arbitrary units, allowing qualitative and trend comparison versus models, but not a quantitative validation.
The elaborated model developed in [18] was also applied to the published experimental results [16] . The set of general transport equations (9)-(11) was solved in a 1D geometry corresponding to the experiment. The cathode has a threelayer hetero-structure with a 100 nm Al 0.4 Ga 0.6 As electron blocking layer, m 1 m GaAs absorber layer, and a 70 nm Al 0.15 Ga 0.85 As emitter layer that is activated with Cs at the external surface. All layers are doped 10 18 cm −3 p-type. The cathode is illuminated from its emitting surface (reflection mode) and is biased such that all the emitted electrons reach the collector. The optical and properties of all materials were taken from the literature, including their dependence on temperature. The BSF layer contact is defined as a perfect Ohmic contact. The simulation models explicitly with finite thickness only the electron BSF and absorber layers. The emitting layer is modeled as a boundary condition with electron emission and an effective surface recombination term. The emission barrier is determined by the absorberemitter band offset and equals 0.22 eV. The effective surface recombination velocity was the only parameter left free to fit the experimental results, and the value that produced the best fit is 5 · 10 5 cm s -1 for both electron and holes. The simulation considered only photon energies below 1.6 eV (the bandgap of the emitting layer) to eliminate the effect of absorption in the emitting layer and photoemission from it that are present in the experiment. The external QE as a function of the incident photon energy at several temperatures is shown in figure 6 for the experiment and simulation. There is a very good fit between the two sets for the entire range of wavelengths and temperatures, indicating a successful quantitative validation of the model.
The performance predictions described above are based on some material properties that are realistic, but some other properties are assumed with optimistic values. For example, surface recombination velocities are sometimes assumed to be low or zero, the anode work function is assumed to be 0.5 eV or 0.6 eV in some cases, while the lowest known value for a real material is 0.9 eV [44] , materials are analyzed in a temperature range that exceeds their range of stable operation, some properties are not known at high temperature, and extrapolated values are used without validation. Clearly this affects the reliability of the performance simulations, and requires additional effort to measure the missing data. The elaborated models published to date still rely on assumptions and simplifications, and could be improved for better correspondence to a real device. The treatment of optics is usually using single-pass exponential decay due to absorption, and does not contain a full description of non-collimated concentrated sunlight, and of photons created by radiative recombination. Heat transport and temperature gradients within the cathode, heat loss from the cathode to mechanical supports, conductors, and the anode, are neglected. A detailed treatment of coatings for electron affinity reduction, such as Figure 6 . External quantum efficiency versus photon energy as calculated with the 1D model [18] , versus experimental results published in [16] .
polyscrystalline diamond films with complex morphology that affects their electronic properties, is absent. An IR absorber in the cathode is still used in models as an abstract notion without a definition of how it may be realized. A secondary thermal converter is often mentioned but the method to transport heat to the secondary converter, and its performance, were not analyzed in a realistic model. There is much more work then to improve the modeling of PETE conversion on all levels-from basic behavior of materials and components, to a better comprehensive treatment of a full converter device.
Materials and experimental results
Silicon cathode
Silicon is widely used in PV cells and therefore it is a natural candidate as a cathode material. However, its bandgap of 1.1 eV is far from the optimal bandgap for the absorption of sunlight, about 1.4 eV [4] . At elevated temperatures the bandgap will decrease even further, leading to a lower net voltage of the converter device and lower conversion efficiency. Nevertheless, there is research work performed on Si, both theoretically and experimentally, probably with the motivation that it is a readily available and well known semiconductor. Simulations with realistic properties of Si under 1000 suns have shown discouraging converter efficiencies of around 15% [14] , 10% [21] , and less than 15% for moderate cathode temperatures up to 800 K with a maximum efficiency of 30% at 850 K [18] . Differences among published predictions may be due to different models used to represent material properties. Experiments with both n-type and p-type Si with Cs coating [45] have demonstrated photonic enhancement of electron emission current. Experiments with Si coated by a low electron affinity hydrogen terminated diamond coating also showed the combined effect of illumination and heating [46] , but did not clearly demonstrate if the absorption occurred in the Si or in the diamond film. All experiments to date provided only information regarding current, but no insight on conversion efficiency.
III-V cathode
The first experimental demonstration of PETE was done with a GaN cathode [4] , which has a high bandgap and is not suitable as an absorber of solar energy. Other materials of the III-V family have a better match to the solar spectrum, most notably those that are currently in use for PV cells. GaAs and InP were considered as PETE cathodes, and simulations assuming high surface quality (low recombination) predicted efficiencies of 20%-25% at temperatures up to 900 K, with some advantage to InP [21] . An analysis for a GaAs cathode with a homo-junction at the contact instead of an unspecified high quality surface barrier predicted efficiencies below 20% for the same temperature range [18] . Cathode hetero-structures with GaAs/AlGaAs were also analyzed [19, 23] with some results exceeding 30% efficiency, depending on the level of optimism regarding surface quality. All of these studies stress the high impact of surface recombination and the need to minimize this effect in real devices. Some of these III-V materials are unstable at high temperatures above about  400 C, while the long term stability of others is unknown. Ternary III-nitrides, which are more stable at high temperatures, can be adjusted to produce the needed bandgap, but these materials have not yet been considered for PETE cathodes. More research is therefore needed to determine which III-V materials could be good candidates for a PETE converter cathode. In addition to limitations on the cathode material, the electron emission surface of the cathode must be coated to reduce the electron affinity, but the coating also has temperature limitations, for example Cs on AlGaAs deteriorates already at  120 C [16] . Experimental measurement of PETE yield from a GaAs cathode with a thin emission layer of Al 0.15 Ga 0.85 As was done up to  120 C, reaching a QE of 1.4% for 1.5 eV photons [16] , much higher than the yield measured in previous work with GaN. The hetero-structure was designed to reduce recombination at the emission surface by introducing an internal surface with much higher quality, and an internal energy barrier at the conduction band, as shown in figure 7(a) , allowing only energetic electrons to cross. Figure 7(b) shows the dependence of QE on temperature and photon energy, where photon energy above 1.64 eV produces a mix of PETE and photo-emission in both layers, while the range down to 1.42 eV is due only to PETE in the GaAs absorber. The PETE yield increases by an order of magnitude when the temperature increases to  120 C, and the authors estimated that electrons excited in the GaAs absorber have a 7%-10% probability of crossing to the emitter layer, in spite of the energy barrier of 0.22 eV at the junction. The demonstrated improvement in QE is a promising step towards practical devices.
Diamond cathodes
The bandgap of diamond is too high and not suitable for the absorption of sunlight. However, a polycrystalline diamond film contains intermediate energy levels introduced by doping and grain boundaries, which enable the absorption of photons with much lower energy than the pure material bandgap [47] . For example, n-type doping with nitrogen creates states 1.7 eV below the conduction band minimum [48] , an energy gap that is close to the bandgap needed for the effective absorption of sunlight. Diamond surfaces can also terminate with hydrogen to produce low or negative electron affinity [49] . The combination of these properties makes diamond an interesting candidate for PETE cathodes, either by itself, or as a thin film over a substrate. Electron emission from n-type diamond films over a metallic substrate under combined visible light illumination and heating showed a low effective work function of about 2 eV [50] . However, in this case the electrons are photo-excited in the metal, and then thermalize as they pass through the diamond film, which is somewhat different compared to PETE in a semiconductor substrate. Combined photoemission and PETE was observed with a p-type Si substrate covered by an n-type nitrogen doped diamond film [46] , as shown in figure 8(a) . The dependence of the emission rate on incident photon energy at each temperature shows that the process is not pure PETE, and has a significant contribution of photoemission. Also, since illumination was through the diamond layer, it is difficult to separate the contribution of absorption and emission in the diamond versus the absorption in the Si substrate. Subsequent work [47] has shown that the absorption of visible light in the diamond, and resulting photo-excitation of electrons, are significant.
A different result is shown in electron emission measurements from undoped diamond film over p-type Si [51] , as shown in figure 8(b) . At low temperatures, photo-emission of electrons is dominant, and the yield decreases with temperature due to an increase in trap-assisted recombination and reduction of diffusion length. At moderate temperatures the behavior changes to increase with temperature, with a good fit to the Richardson-Dushman curve (dashed lines), showing that PETE is dominant in this range. In this work as well the behavior depends on the incident photon energy, in contrast with a simple description of PETE with full thermalization. The authors propose that transport of the generated electrons to the surface is the limiting factor due to the short diffusion length in polycrystalline diamond. The lower energy photons have a larger penetration depth before being absorbed, and are more influenced by this transport bottleneck. It is important to note that thermionic emission measurements of n-type CVD diamond films have shown an extremely low Richardson constant [39, 44] , indicating that electron transport to the surface is a major issue that needs further investigation. Absorption of sunlight in a polycrystalline diamond film is significant, but highly selective towards higher energy photons [47] . It is possible to increase absorption by modifying the surface of polycrystalline diamond with femtosecond laser pulses, creating ripples with controllable magnitude and spacing [52] . Absorptance of 0.8-0.9 was measured for the treated diamond in the wavelength range of 200-2000 nm, compared to <0.4 in most of this spectral range for the untreated material. This opens an interesting option for an all-diamond cathode, where both the absorber and the electron emission layer are made from the same material. However, it is still unclear how the introduction of such defects affects the electronic properties, in particular recombination rates and charge carriers transport.
Nanostructured cathodes
Electron emission properties can be significantly improved with the use of nanoscale surface features that modify locally the electronic behavior of the material. A survey of candidate structures that may reduce the effective surface work function and improve electron emission can be found in [8] . These include etched structures with nanoscale tips, carbon nanofibers and nanotubes, nano-wires, nano-crystalline diamond films, graphene films, etc. Surface structures with complex nanoscale geometry can also improve optical absorption, and almost complete absorption over a wide range of wavelengths and angles has been demonstrated, for example with 'forests' of carbon nanotubes [53] . Some of these structures have already shown promise in field emission and thermionic emission experiments, but very little work was reported for PETE. Recent work on carbon nanotubes [54] found that the variation with temperature of the electron emission current is qualitatively similar to the behavior expected of a PETE cathode. Also, evidence was found of two-photon photoelectron emission at moderate incident radiation flux, indicating that a nanotube forest can be more effective in the collection of excited electrons compared to a bulk metal cathode, where the two-photon effect occurs only at a very high radiation flux. However, the work function of carbon nanotubes is about 4.5 eV, too high for an effective electron emitter in a high efficiency converter. Performance of a CNT forest as an electron emitter may be improved by incorporating alkali metals, for example, potassium was shown to reduce the effective work function to about 2 eV at temperatures up to 600 K [55] . The area of surface nanostructures is very promising, very diverse, and mostly unexplored, with a high potential to offer major advances in the future.
Anode materials
The anode in a PETE converter seems less challenging than the cathode, but nevertheless there are two major requirements: its work function should be low to allow a significant net voltage of the device, and its resistance should be low to avoid Ohmic loss. A solution such as a metallic anode with a thin coating that creates a low effective work function, such as diamond, seems reasonable, and has demonstrated the lowest work function observed to date of 0.9 eV [44] . The Richardson coefficient, however, was very low ( )
2 indicating very high electrical resistance. A semiconductor with high n-type doping instead of a metal may also provide a good solution. The work function should not be too low, however, to prevent a significant reverse current from the anode to the cathode. A study for a GaAs cathode at 1000 K has shown that for each anode temperature, there is an optimal value of the anode work function [23] . For example, at anode temperatures of 400 K and 600 K, the optimal work function was 0.45 eV and 0.7 eV, respectively. This is not yet a practical issue, but it will become important if materials with a work function lower than 0.9 eV become available in the future.
Device and system aspects
Electrical contacts
The electrical contact at the cathode of a PETE converter presents an engineering challenge in two aspects: material and geometry. The contact material must be stable at high temperature, and must have very low diffusion into, and reaction with, the adjacent cathode material [56] . Its work function should match the cathode material electron affinity to avoid an energy barrier at the contact interface. The other contact at the anode is less problematic due to the lower temperature and no geometric constraints. Many metals have been considered for electrical contacts in high temperature electronics, which are usually based on SiC or III-nitrides, including nickel, tungsten, titanium, molybdenum, gold, palladium, and their alloys. There is limited work on the stability of such contacts after long exposure at high temperature: for example, Ni and Ni/Ti/Al alloy show good performance on SiC up to  500 C [57] . However, some contact materials were found stable and others have degraded after 100 h at  700 C [58] . The proposed mechanism to explain contact stability involves the formation of a silicide at the interface of the metal to the SiC substrate. This cannot apply to PETE cathodes made of other semiconductors, and specific semiconductor-metal combinations need to be tested.
The cathode contact geometry is important since placing contacts on the front surface will cause shading and loss of incident sunlight, similar to PV and CPV cells, as well as loss of electrons by recombination at the contact surface [18] . Placing electrical contacts at the back surface of the cathode will eliminate shading but also reduce the area for electron emission. In PV and CPV cells, the common solution is a contact grid at the front surface with area fraction and grid element distances optimized to reduce losses [59] . Some PV cells also have contacts at the back surface (back-contact cells). A schematic of a PETE converter with front and back contact grids is shown in figure 9(a) .
The contact geometry for PETE Si cathodes was investigated for both front and back contacts, using a detailed 2D model [24] . Figure 9 (b) shows that for moderate cathode temperatures, a smaller contact grid area is preferable. This is due to the impact of shading (for the front contact) and contact recombination, which are dominant in this range. At high temperatures above 800 K, the trend is reversed and a larger contact area produces higher efficiency, for both the front and back contacts. Electron injection at the contact is responsible for this reversal, since at these temperatures the thermionic emission is dominant and the cathode is depleted in spite of the optical generation. Also note that in all cases the back contact efficiency is higher than the corresponding front contact of the same area. This indicates that the reduction in the area for electron emission at the back surface does not have a significant impact on performance. Another interesting option is to use the back contact in the role of absorber for sub-bandgap photons that traverse the absorber, a function that currently has no practical means for implementation. The back contact configuration should then be an excellent candidate for future PETE converter realization.
Window
The PETE converter should be enclosed and evacuated, while allowing incident radiation to enter and impinge on the cathode front surface. Therefore it must have an optical window adjacent to the cathode, or implemented as an additional layer of the cathode structure. Many of the cathode candidate materials require only a small thickness of the active material, a few microns or less, and therefore the window can serve as a substrate with sufficient mechanical strength to support the cathode. The window should then be stable at the high temperature of the cathode, leading to the selection of materials such as quartz or sapphire.
The window should include an anti-reflection coating to minimize reflection of incident sunlight, widely used in PV cells and other optical applications. However, the stability of available coatings must be verified under the high temperature. As an interesting alternative, a recent analysis found that a photonic crystal can improve the efficiency of a PETE converter by 20%, from 0.1 to 0.12, over a standard bilayer anti-reflective coating [20] .
Thermal management and secondary converter
The anode of a PETE converter needs to be cooled in order to maintain a constant operating temperature. The main heat sources in the anode include: thermalization of electrons collected from the cathode, radiative heat transfer across the gap between the cathode and anode surfaces, and conduction heat transfer from the cathode through the device structure and encapsulation elements. If the cathode and anode surfaces are considered as parallel plates placed at a small distance compared to their lateral extent, the heat flux to be removed from the anode q A can be approximately expressed as:
J net is the net current density, f B A , is the potential difference between the anode conduction level and the highest vacuum potential in the gap including the effect of space charge [5] , and their product is the anode thermalization power per unit area. R th is the thermal resistance per unit area for conduction heat transfer between the cathode and anode, which depends on the structural design details of the device, and should be maximized by engineering optimization. l e b is the blackbody spectral emission,  l C , and  l A , are the spectral emissivities of the cathode and anode surfaces, respectively, and the last term is then the total radiative flux between the two surfaces. A more detailed treatment, including additional secondary effects, such as Joule heating in the electrical conductors, and a distinction in thermal energy carried by electrons emitted from the cathode versus the anode, can be found in [6] . If the gap size is around m 1 m or less, then near-field radiative heat transfer should be considered as well [35] . The emissivity of the two surfaces should be reduced as much as possible to reduce the radiative heat transfer mechanism. However, the ability to manipulate the optical property of the two surfaces may be limited due to the treatment of these surfaces to achieve the desired electronic properties (electron affinity/work function).
At the device level, the heat flux that needs to be removed from the anode of a PETE converter depends on the flux (concentration) of the radiation incident on the cathode, the converter operation point (current versus voltage), and the temperatures of both electrodes. Considering a converter operating under a concentration of 1000 suns, we estimate that about -50 W cm 2 needs to be removed from the anode, similar to the heat removal requirements for high-power electronic components [60] and for CPV cells that are subject to a similar concentration level. There are many common solutions for such components, and the applicability of these solution to the PETE anode should be considered.
An important consideration is whether the heat removed is to be exploited, or just removed to the ambient. For direct heat rejection, the preferred solution in CPV systems is passive cooling: the cell is mounted on a large area heat spreader plate made of a high thermal conductivity metal, copper or aluminum. Fins are added on the back surface of the plate, and the heat is removed by natural convection to the ambient air [61] . Such a solution can be used for the PETE anode, and it has been shown that under the given heat flux and the cell temperature excess the ambient temperature is <  40 C. The waste heat removed from the anode can be used in a secondary stage, either to produce additional electricity in a secondary converter, or to be used as thermal energy input into other applications. Similar arrangements were proposed to exploit waste heat from CPV systems. The waste heat can drive a lower-temperature power generation converter such as an organic Rankine cycle or Stirling heat engine [62, 63] . Another power generation option without a mechanical engine is a thermoelectric converter, which usually offers lower efficiency but offers wide scalability and simple and robust operation [27] . Waste heat can also be used for other applications that do not generate electricity, such as the operation of an absorption chiller to produce cooling [64] , and performing thermal desalination of seawater [65] .
In order to enable secondary thermal applications, the anode temperature must be high enough for the thermal application to be effective. For example, an absorption chiller requires heat input at about  90 C (single stage) or  150 C (double stage); a heat engine requires heat input at  200 C or higher in order to achieve reasonable efficiency. Fortunately, the PETE converter performance is not very sensitive to anode temperature due to the non-linear dependence of electron emission rate on temperature. Therefore, moderately high anode temperatures may be acceptable. In addition, waste heat removal should be based on active cooling: the anode should transfer the thermal energy to a heat transfer fluid (water, thermal oil, etc) that will carry the energy to the location of the secondary application. The thermal stage (heat engine, absorption chiller, etc) tends to be on a scale of kilowatts to tens or even hundreds of kW, while PETE converters probably will be on a scale of tens of watts, similar to CPV cells. Therefore, the thermal energy needs to be collected from many PETE converters and transported to a central thermal application. Many heat exchanger solutions exist for heat transfer from the anode back surface to a fluid, such as mini-and micro-channels, impingement and evaporative heat exchangers, and these are used for the cooling of various electronic components and of CPV cell arrays [61] . These heat exchangers provide effective heat transfer, but they may incur a high pressure drop (high pumping power). Therefore their implementation for a PETE anode cooler needs to be investigated and optimized carefully. Figure 10 shows a schematic view of a PETE collector panel according to the general design of a CPV collector, and the considerations explained above: an array of Fresnel lenses concentrates solar radiation to an array of PETE converters. Each converter is installed on a heat exchanger that removes the waste heat from the anode to a working fluid. A pipe network collects the hot fluid to a central location, where the heat is used to drive a secondary heat engine.
Converter size
The selection of size for the PETE converter has many practical implications on the system level, with the influence, for example, on the type of concentration optics, on electrical wiring, on the mechanical arrangement of sun tracking, etc. The need for vacuum encapsulation, and the requirement for a small gap, are likely to limit the converter size, such that the active area exposed to concentrated solar radiation of a single converter could be a few millimeters to a few centimeters in diameter. This is similar to CPV cells, which today are made Figure 10 . Schematic view of a PETE collector, containing many lens concentrators and PETE converters assembled on a panel that tracks to the direction of the Sun, and collecting heat via a coolant pipe network to a central secondary heat engine. Inset: magnified view of a single lens concentrating sunlight to a single PETE converter, a heat exchanger to remove heat from the anode, and pipes to provide coolant fluid and remove the hot fluid.
at typical sizes of 5-10 mm. The leading concentration technology for CPV, Fresnel lenses, could then be suitable for PETE as well. CPV systems are typically made with arrays of lenses, each lens concentrating sunlight by a factor of 400-1000 to a single cell. A large array of lenses and corresponding cells is mounted on a single frame and is moved in two axes to track the direction of the Sun. This technology is well developed and demonstrated [1] , and can be implemented for PETE converters with only a moderate effort for engineering integration. The alternative concentration technology, a dense array of converters with a single large concentrator [1] , may have an advantage for easier collection of waste heat, but it may be difficult to pack together many PETE converters with minimal gaps when the converters have individual vacuum encapsulation.
The PETE converter size also determines the current output, which is important when considering the resistive (Ohmic) losses in the conductors attached to the converter. The converter has a typically low voltage, related to the difference in work function between the cathode and anode. Therefore its current can be high, similar to CPV cells that operate under high concentration. The issue of high Ohmic loss is usually resolved by increasing the cross section area of the conductors. However, in a PETE converter, one of the device conductors connects to the high temperature cathode. Increasing its cross section area will lead to increased heat loss by conduction from the cathode. The design of the electrical contact and related losses in the context of device and current size is then a significant issue that affects the device size and performance, and should be considered and optimized carefully.
Challenges and outlook
PETE offers an exciting new path to exploit electron emission phenomena for energy conversion, a goal that has been pursued over many decades with little success. Work done over the last five years has led to major advances in theoretical understanding and some first steps in the selection of materials and experimental verification. The most promising results come from the theoretical studies that show ideal performance limits equivalent and even surpassing the veteran approaches of photovoltaic and thermal conversion, and more realistic detailed modeling that shows efficiencies comparable to the best solar converters existing today. This serves as motivation to pursue the research of PETE conversion and the development of PETE converter technology. However, many challenges remain and much knowledge is still needed before this approach can materialize into proven technology and industrial application.
The most challenging aspect is finding a set of appropriate materials for the cathode, realizing that a single material probably cannot provide all the necessary functions: absorption of sunlight, efficient collection of charge carriers, and efficient emission of electrons. The materials set should also be defined with corresponding fabrication methods that can be upscaled to industrial production. Experimental work so far applies to a limited set of materials, and has a long way to go before achieving the yield and efficiency that are promised by the theoretical analyses. Also, some of these materials are already known to be unsuitable, for example, due to the inability to reach the high temperature required. However, recent advances in many materials-III-V semiconductors, diamond films, nanoscale structures in carbon and in other materials, and more-can open new directions for the implementation of PETE cathodes, beyond the obvious materials that have already been explored. A second, but equally important, challenge is the anode material, where the requirements of very low work function and low resistance are also waiting for better solutions.
In addition to the basic challenges in materials, many open issues can already be identified in device and system engineering for PETE converters. Fortunately, work over the last few decades on CPV cells and systems can provide many solutions, or at least insight on how to manage a device operating under intense concentrated sunlight. Not all device level issues can rely on CPV solutions and some challenges are unique to the thermionic world, such as vacuum encapsulation and mitigation of space charge. Much work is needed to develop practical configurations of PETE devices that simultaneously resolve all the difficulties.
The recent activities in PETE research have not yet produced a report of a working PETE device and a measured energy conversion efficiency. The demonstration of a working device is a crucial milestone in order to demonstrate that separate research on materials and components can be integrated successfully, and to validate the theoretical studies. Experimental results reported so far include emission currents and QE under a voltage bias, for example QE of 1.4% for in a cesiated GaAs cathode at 120°C [16] . These are important first steps but are insufficient to evaluate the feasibility of full PETE conversion devices. Experimental demonstration of high efficiency approaching the theoretical predictions is then still a distant goal and needs a considerable period of intense research and development. If and when high efficiency is achieved, this will constitute a major advance in electron emission based energy conversion, and a possible contender in the solar electricity generation market.
